The aim of the present study was to elucidate the dynamics of adjustment to a change of a long photoperiod with 18 h of light to a short photoperiod with 6 h of light of clock gene expression rhythms in the mouse SCN and in the peripheral clock in the liver, as well as of the locomotor activity rhythm. Three, five, and thirteen days after the photoperiod change, daily profiles of Per1, Per2, and Rev-erb␣ expression in the rostral, middle, and caudal parts of the SCN and of Per2 and Rev-erb␣ in the liver were determined by in situ hybridization and real-time RT-PCR, respectively. The clock gene expression rhythms in the different SCN regions, desynchronized under the long photoperiod, attained synchrony gradually following the transition from long to short days, mostly via advancing the expression decline. The photoperiodic modulation of the SCN was due not only to the degree of synchrony among the SCN regions but also to different waveforms of the rhythms in the individual SCN parts. The locomotor activity rhythm adjusted gradually to short days by advancing the activity onset, and the liver rhythms adjusted by advancing the Rev-erb␣ expression rise and Per2 decline. These data indicate different mechanisms of adjustment to a change of the photoperiod in the central SCN clock and the peripheral liver clock. circadian clock; suprachiasmatic nucleus; liver; clock gene; photoperiodic entrainment ORGANISMS LIVING IN TEMPERATE zones are exposed to seasonal changes in the day length, i.e., photoperiod. The mammalian circadian clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus (23), is affected by the photoperiod (50) and, therefore, overt rhythms driven by the clock, namely the rhythm in pineal melatonin production (16, 36) and the locomotor activity rhythm (5), are modulated by the photoperiod as well. The melatonin signal is short during a long summer photoperiod, whereas it is long during a short winter photoperiod (8, 13, 16) . When animals are transferred from a long to a short photoperiod, the duration of elevated activity of arylalkylamine N-acetyltransferase (AA-NAT), the key enzyme in melatonin production, as well as that of high melatonin levels, gradually extend (11, 14, 15) . The dynamics of the extension seems to be species dependent. In rats, it is completed within 2 wk (14), whereas in Djungarian hamsters, it is completed only after more than 6 wk (15). In most strains of laboratory mice, melatonin is not produced in the pineal gland, and therefore, the melatonin rhythm cannot be used as a measure of photoperiodic entrainment (9). However, locomotor activity in mice is modulated by the photoperiod, being longer under short than under long photoperiods (17).
therefore, the melatonin rhythm cannot be used as a measure of photoperiodic entrainment (9) . However, locomotor activity in mice is modulated by the photoperiod, being longer under short than under long photoperiods (17) .
The SCN rhythmicity is due to the SCN molecular clockwork (for reviews, see Refs. 7, 22, 34, 52) . Mammalian clock genes are mostly expressed in a rhythmic way; the expression of Bmal1 is anti-phase to that of the Per, Cry, and Rev-erb␣ genes. The clock genes and their protein products are involved in the core clockwork by forming negative and positive transcriptional-translational feedback loops: the clock proteins CLOCK and BMAL1 form heterodimers and drive the expression of the other genes, namely Per1, Per2, Cry, Rev-erb␣, and Rora. PER and CRY proteins form complexes and interact with CLOCK:BMAL1 to inhibit their own expression. REV-ERB␣ represses transcription of Bmal1, and RORA, which competes with REV-ERB␣, activates it. The important finetuning of the speed of the clock is achieved by regulating stability and/or subcellular localization of the clock proteins.
The daily profiles of clock gene mRNA and protein levels in the entire population of the SCN cells are affected by the photoperiod. In rodents, intervals of elevated Per1 and Per2 expression in the SCN are longer and that of Bmal1 expression shorter under a long than under a short photoperiod (10, 27, 28, 32, 44, 46, 48) . When rats are transferred from a long to a short photoperiod by an asymmetrical prolongation of the dark period into the morning hours, adjustment of the Per1 and Bmal1 mRNA rhythm to short days may not be accomplished within 13 days (47) .
The SCN can be subdivided into two subdivisions that are morphologically and functionally distinct, i.e., into a ventrolateral part, called the core, and a dorsomedial part, called the shell (30) . Cells of the core receive direct photic signals from the retina and respond by resetting the phase of the SCN rhythmicity. Cells of the shell exhibit spontaneous rhythmicity, and their resetting requires communication with the lightsensitive cells of the core SCN. Both SCN subdivisions are modulated by the photoperiod. In the rat, the endogenous interval of the ventrolateral SCN photosensitivity is ϳ5 to 6 h longer under a short photoperiod than under a long photoperiod (50) . Following a symmetrical shortening of a long photoperiod, this interval gradually extends, and the adjustment to the change is complete within ϳ2 wk, similar to the AA-NAT rhythm (51) . Rhythms typical of the dorsomedial SCN, such as that of endogenous expression of c-fos and arginine vasopressin genes, exhibit longer intervals of high expression on long days than on short days (18, 19, 49) . Following a symmetrical shortening of the photoperiod, they adjust only gradually to the change (49) . Recently, accumulated data suggest a functional divergence among subpopulations of SCN cells, not only along the ventro-dorsal but also along the rostro-caudal axis of the SCN. Rhythms in the rostral (R-), middle (M-), and caudal (C-) SCN regions differ in their phase, depending on the photoperiod. In the hamster, the maximal expression of Per2 occurs synchronously in the R-SCN and C-SCN under a short photoperiod, but under a long photoperiod, the peak of expression in the C-SCN precedes that in the R-SCN (12, 20) . Similarly in mice, Per1 and Per2 expression profiles in the R-SCN and C-SCN are synchronized under a short photoperiod but under a long photoperiod, the profiles in the C-SCN precede those in the R-SCN (17, 43) . To date, no data on dynamics of synchronization among the individual SCN subpopulations after a change of the photoperiod have been reported.
Apart from the central pacemaker within the SCN, the circadian system consists of numerous peripheral clocks (2) . The central clock is the only one that is entrained directly by photic cues via its connection with the retina. The peripheral clocks are entrained to the external world mostly via yet not fully identified neuronal and humoral SCN output pathways (21) . So far, the effect of the photoperiod on peripheral clocks has been studied only marginally. In Syrian hamsters, a photoperiod-sensitive species, daily expression profiles of the clock gene Per1 and the clock-controlled gene Dbp in the lung and heart (4), as well as clock genes in the liver (26) , were modulated by the photoperiod. The Per2 expression profile in the ovine liver is also affected by the photoperiod (1). In rats, the daily profiles in levels of the clock proteins PER1 and PER2 within the liver, lung, and heart under the long photoperiod differed from those under the short photoperiod (3). Although it seems that information on the external photoperiod may be processed by peripheral clocks, it is not known when and how these clocks adjust to a change in the photoperiod.
The aim of the present study was to test the hypothesis that the mechanism of adjustment to the change of the photoperiod in the central clock differs from that in the peripheral clock. Therefore, the dynamics of changes in the rhythms of clock gene expression in different regions of the mouse SCN and liver during the transition from a long to a short photoperiod were studied. Mice maintained under a regime with 18 h of light and 6 h of darkness (LD18:6) were transferred to a regime with 6 h of light and 18 h of darkness (LD6:18). Three, five, and thirteen days after the change from the long to the short photoperiod, expression profiles of the clock genes Per1, Per2, and Rev-erb␣ in the R-SCN, M-SCN, and C-SCN and of Per2 and Rev-erb␣ in the liver were examined. Simultaneously, the locomotor activity of the mice was monitored before the transfer and up to the 11th day after the transfer. This approach allowed comparison between the dynamics of adjustment of the central and peripheral clocks and changes of the behavioral activity rhythm during the transition from a long to a short photoperiod.
MATERIALS AND METHODS

Animals
Two-month-old adult male C57BL6/J mice (Velaz s.r.o., Prague, Czech Republic) were housed at a temperature of 23 Ϯ 2°C with free access to food and water. For 4 wk prior to the experiments, the animals were maintained under a long, LD18:6, photoperiod with lights on from 0300 to 2100. Thereafter, the long photoperiod was changed to a short, LD6:18, via a symmetrical shortening of the light interval by advancing the lights off from 2100 to 1500 and delaying the lights on from 0300 to 0900. Consequently, the lights were on from 0900 to 1500. Light was provided by overhead 40-W fluorescent tubes, and illumination during the light phase was between 50 and 200 lux, depending on cage position in the animal room. During the dark period, there was complete darkness. Five experimental groups were tested. Group 1 were animals entrained to the long photoperiod for 4 wk and then sampled on the day before the change to the short photoperiod, Group 2 animals were sampled on the third day after the change from the long to the short photoperiod. Group 3 animals were sampled on the 5th day after the change from the long to the short photoperiod. Group 4 animals were sampled 13 days after the change from the long to the short photoperiod, and Group 5 animals were sampled 4 wk after the change from the long to the short photoperiod [data on the SCN Per1 and Per2 expression profiles in mice from group 1 and group 5 have been published elsewhere (43) ]. On each sampling day, the animals were released into constant darkness at the time when the morning lights were switched on and killed rapidly by cervical dislocation under dim red light every 2 h throughout the whole circadian cycle.
The experiments were conducted under license no. A5228 -01 with the U.S. National Institutes of Health and in accordance with Animal Protection Law of the Czech Republic (license no. 36215/2008 -10001).
Locomotor Activity Monitoring
Throughout monitoring, the mice were maintained individually in cages equipped with infrared movement detectors attached above the center of the cage top, enabling detection of the locomotor activity throughout the entire cage. A circadian activity monitoring system (Dr. H. M. Cooper, Institut National de la Santé et de la Recherche Médicale, Lyon, France) was used to measure activity every minute, and the resulting data were analyzed using Actiview Biological Rhythms Analysis software (Mini Mitter, Bend, OR, USA). Doubleplotted actograms were generated for visualization of the data. The activity onset and offset were determined by two independent observers by fitting lines connecting at least five successive activity onsets or offsets by eye before and after the shift in the light-dark cycle.
Tissue Sampling
For determination of Per1, Per2, and Rev-erb␣ mRNA in the SCN, brains were removed, frozen immediately on dry ice, and stored at Ϫ80°C. Each brain was sectioned into five series of coronal 12-mthick slices in an alternating order throughout the whole rostro-caudal extent of the SCN and processed for in situ hybridization. For each time point, four mice were killed; occasionally, one sample was lost.
For determination of Per2 and Rev-erb␣ mRNA levels in the liver, dissected samples of the tissue were immersed immediately into an RNAlater stabilization reagent (Qiagen, Valencia, CA). Samples in RNAlater were stored at 4°C for no longer than 1 wk prior to isolation of total RNA and subsequent real-time RT-PCR.
In Situ Hybridization
The cDNA fragments of rat rPer1 (980 bp; corresponds to nucleotides 581-1561 of the sequence in GenBank with accession no. AB002108), rat rPer2 (1,512 bp; corresponds to nucleotides 369 -1881 of the sequence in GenBank with accession no. NM031678) and Rev-erb␣ (1,109 bp; corresponds to nucleotides 558 -1666 of the sequence in GenBank with accession no. BC062047) were used as templates for in vitro transcription of complementary RNA probes. The rPer1 and rPer2 fragmentcontaining vectors were generously donated by Professor H. Okamura (Kobe University School of Medicine, Kobe, Japan); the Rev-erb␣ was cloned in our laboratory (M. Sladek) using RT-PCR from rat liver RNA into pGEM-T vector (Promega, Madison, WI). The probes were labeled using ␣[
35 S]thio-UTP (MP Biomedicals, Irvine, CA), and the in situ hybridization was performed as described previously (25, 37, 42) . Briefly, sections were hybridized for 20 h at 60°C (Per1, Rev-erb␣) or 61°C (Per2). Following a posthybridization wash, the sections were dehydrated in ethanol and dried. Finally, the slides were exposed to BioMax MR film (Kodak, Rochester, NY) for 10 days and developed using ADEFO-MIX-S developer and ADEFOFIX fixer (Adefo-Chemie, Dietzenbach, Germany) with an Optimax film processor (Protec, Oberstenfeld, Germany). As a control, in situ hybridization was performed in parallel with sense probes on sections containing the SCN. The daily profiles of the mRNA levels under the long and short photoperiods, as well as three, five and thirteen days after the change from the long to the short photoperiod were determined using the same labeled probe and processed simultaneously under identical conditions.
Autoradiographs of sections were analyzed using an image analysis system (Image Pro, Olympus, New Hyde Park, NY) to detect the relative optical density (OD) of the specific hybridization signal. For each animal, the mRNA was quantified bilaterally, at a representative R-SCN, M-SCN, and C-SCN section that contained the strongest hybridization signal. Each measurement was corrected for nonspecific background by subtracting OD values from the neighboring area in the hypothalamus that was devoid of the specific signal. The background signal of the area, serving as an internal standard, was consistently low and did not exhibit marked changes with the time of day. Specific signal was not found in any case in which the sense probe was used. Finally, to check the presence of the R-SCN, M-SCN, and C-SCN in each section, the slides were counterstained with cresyl violet. The OD for each animal was calculated as the mean of the values for the left and right SCN.
RNA Isolation
Total RNA was isolated from the liver tissue using the RNeasy Mini kit (Qiagen), according to the manufacturer's instructions. RNA concentrations were determined by spectrophotometry at 260 nm, and RNA quality was assessed by electrophoresis on a 1.5% agarose gel. Moreover, the integrity of randomly selected samples of total RNA was tested using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
Real-Time RT-PCR
The RT-PCR method used to detect the clock gene mRNA, as well as sequences of primers for Rev-erb␣, Per2, and ␤2-microglobulin has been described previously (40) . Briefly, 1 g of total RNA was reverse transcribed using an Improm II RT kit (Promega) with random hexamer primers. Diluted cDNA was then amplified on a LightCycler (Roche, Basel, Switzerland) using the QuantiTect SYBR Green PCR kit (Qiagen) and corresponding primers. Relative quantification was achieved using a standard curve and subsequently normalizing the clock gene expression to ␤2-microglobulin. The housekeeping gene ␤2-microglobulin has been used for normalization previously (40, 41) . Its expression was stable throughout the day and did not vary markedly between the analyzed tissues. The data were expressed as means Ϯ SE. as percent of maximal value for each expression profile.
Statistical Analysis
One-way ANOVA was used to analyze differences in the duration of the locomotor activity and in the times of activity onset and offset during adjustment to the change in the photoperiod.
Gene expression profiles in the R-SCN, M-SCN, and C-SCN and in the liver were analyzed using a two-way ANOVA to analyze the effect of the time of day and the effect of the number of days following the change in photoperiod. To compare the dynamics of adjustment of the decrease and increase in expression of the genes in the SCN separately, the profiles were analyzed for two intervals: for Per1, from 1200 to 2200 and from 2400 to 1200=; for Per2, from 1200 to 2400 and from 0200 to 1200=; and for Rev-erb␣, from 0800 to 2000 and from 2000 to 0600. Post hoc analysis assessed subsequent pairwise comparisons using the Student-Newman-Keuls multiplerange test, with P Ͻ 0.05 required for significance.
A two-way ANOVA was also used to assess differences among the expression profiles within the R-SCN, M-SCN, and C-SCN during adjustment to the change in the photoperiod (i.e., the effect of the time of day and the effect of the SCN regions were tested for each of the photoperiodic conditions).
For further analysis of the circadian rhythm characteristics, the expression profiles of Per1, Per2, and Rev-erb␣ in the R-SCN and C-SCN were fitted with single cosine curves, defined by the equation Y ϭ mesor ϩ {amplitude · cos[2 · · (X-acrophase)/wavelength]} with a constant wavelength of 24 h. The least-squares regression method implemented with Prism 5 software (GraphPad, La Jolla, CA) was applied. Amplitude, acrophase, and coefficient of determination R 2 (i.e., goodness of fit) were calculated. The analysis allowed visualizing and modeling the dynamic expression of the clock genes in R-SCN and C-SCN during the changing photoperiodic conditions.
RESULTS
Adjustment of the Locomotor Activity Rhythms
Locomotor activity was monitored in 12 mice entrained to the long photoperiod, i.e., before the change in the photoperiod, and up to 11 days after the change in the photoperiod (see MATERIALS AND METHODS for details). A representative double-plotted actogram is shown in Fig. 1A . On the 13th day after the change, the mice released into darkness were sampled throughout the 24-h period for determination of gene expression (for data, see Adjustment of Clock Gene Expression in the Liver).
For each animal, the activity onset and offset, as well as the duration of activity, were calculated, and the data are summarized in Fig. 1B . A one-way ANOVA revealed significant differences between individual stages during the adjustment to the short photoperiod in the activity duration (F 4 ϭ 96.664, P Ͻ 0.001), the activity onset (F 4 ϭ 52.730, P Ͻ 0.001), and the activity offset (F 4 ϭ 11.300, P Ͻ 0.05). Adjustment to the change from the long to the short photoperiod occurred gradually as the interval of activity duration increased significantly 3 days after the change when compared with that under the long photoperiod (P Ͻ 0.001), 5 days after the change when compared with that after 3 days (P Ͻ 0.001), and 11 days after the change when compared with that after 5 days (P Ͻ 0.01). The activity duration was not yet fully adjusted to short days, even on the 11th day after the change, as it was still significantly shorter than that under the short photoperiod (P Ͻ 0.001). The gradual increase in the activity duration was accomplished mostly by advancing the activity onset, which occurred significantly earlier on the 3rd, 5th, and 11th day (P Ͻ 0.001) when compared with the previous stage. On the 11th day, activity onset was fully adjusted to the change in the photoperiod, as it did not differ from that under the short photoperiod, i.e., it occurred at about the time of lights off. The activity offset did not change significantly during adjustment, only on day 11 after the change, it advanced significantly compared with both the previous and subsequent stages (P Ͻ 0.05 and 0.01, respectively).
Adjustment of Clock Gene Expression Rhythms in the R-SCN, M-SCN, and C-SCN
Per1 mRNA profiles. Results demonstrated significant differences in the timings of the rise and decline of the Per1 expression between LD18:6 ( Fig. 2A) , at 3 ( Table 1 .
The rise in Per1 expression in individual SCN regions adjusted to the change from the long to the short photoperiod in different ways. In the R-SCN, the Per1 mRNA rise phase advanced by 10 h in total, and the advance was accomplished by a 6-h advance within the first 3 days and a 4-h advance between the 5th and 13th days following the transition to the short photoperiod. There was no overall shift in the Per1 mRNA rise in the M-SCN during the adjustment to the short photoperiod; however, the rise first slightly delayed by 2 h within the first 3 days and then advanced to the previous phase between the 5th and 13th day after the change. The C-SCN rise adjusted to the short photoperiod by a 2-h overall delay accomplished by a 4-h phase delay within the first 3 days after the change followed by a 2-h advance between the 3rd and 5th day. Under the short photoperiod, the rise occurred at about the same time as on the 5th day after the change. Altogether, the phase of the Per1 mRNA rise after the transition from LD18:6 to LD6:18 phase-advanced in the R-SCN, slightly phasedelayed in the C-SCN and did not change in the M-SCN.
The decline of the Per1 mRNA adjusted to the photoperiod change in a relatively consistent manner in all SCN regions. In the R-SCN, the decline advanced by 6 h overall, first by 2 h within the 3 days after the change, by 2 h between the 3rd and 5th day and by another 2 h between the 5th and 13th day; on the 13th day, the decline occurred at the same time as under the short photoperiod. In the M-SCN, the decline advanced by 4 h overall, and the advance was accomplished gradually by a 2-h shift within the first 3 days and again between the 3rd and 5th day after the photoperiod change. On the 5th day, the decline was already entrained to the short photoperiod. In the C-SCN, the Per1 mRNA decline adjusted to the change in the photoperiod by a 4-h advance within the first three days; thereafter, the phase of the decline did not change further. Hence, the Per1 mRNA decline adjusted to the photoperiod change by phaseadvancing in all SCN regions. Comparing the dynamics of the change in the Per1 mRNA profile among the SCN regions, the C-SCN adjusted the first, followed by the M-SCN and the R-SCN adjusted as the last one.
As a consequence of the nonparallel adjustment of the rise and decline of the Per1 expression in the individual SCN regions, the R-SCN and C-SCN attained synchrony among each other gradually over the course of the 13 days after the change from the long to the short photoperiod (Fig. 2) . Thirteen days after the change, the timings of the rise and decline of the Per1 expression in the R-SCN and C-SCN was the same (Table  1) . Moreover, the cosinor fitted lines on the 13th day appeared to be in the same phase as under the short photoperiod (Fig.  5D) . Therefore, synchrony of the Per1 expression profiles between the R-SCN and C-SCN was attained on the 13th day after the change from the long to the short photoperiod.
Per2 mRNA profiles. Statistical analyses revealed significant differences in the timings of the rise and decline of the Per2 expression between LD18:6 (Fig. 3A), at 3 (Fig. 3B), 5 (Fig.  3C), and 13 (Fig. 3D ) days after the change from LD18:6 to Table 1 .
In the R-SCN, there was an overall advance in the Per2 mRNA rise of 2 h following the change in photoperiod. The shift was accomplished first via a 4-h delay within 3 days after the change and then by three consecutive 2-h advances between the 3rd and 5th day, the 5th and 13th day, and after the 13th day. Therefore, the Per2 mRNA rise was not fully adjusted to the short photoperiod even 13 days after the change. The M-SCN rise adjusted by an overall delay of 2 h, which comprised a phase-delay of 6 h within the first 3 days, and then advances of 2 h between the 3rd and 5th day and again between the 5th and 13th day following the change. In the C-SCN, there was no overall phase shift of the Per2 mRNA rise following the transition from the long to the short photoperiod. The rise delayed by 2 h within the first 3 days after the transition, and then it advanced back by 2 h between the 5th and 13th day. Altogether, the phase of the Per2 mRNA rise changed only slightly throughout the SCN, becoming advanced in the R-SCN, delayed in the M-SCN, or showing no change in the C-SCN.
In contrast to the rise, the Per2 mRNA decline adjusted to the change in the photoperiod in a very consistent manner. In the R-SCN, it advanced by 4 h overall following the photoperiod change. This shift was accomplished by a 2-h advance that was initiated within the first 3 days and was completed on the 5th day, and further by a 2-h advance between the 5th and 13th day. The M-SCN decline also advanced by 4 h overall following the photoperiod change, i.e., by 2 h within the first 3 days and by another 2 h between the 5th and 13th day after the change. The Per2 mRNA decline in the C-SCN also phase advanced by 4 h overall following the photoperiod transition, first by 2 h between the 3rd and 5th day and again by 2 h between the 5th and 13th day. Hence, the Per2 mRNA decline adjusted to the change in photoperiod by advancing in all studied SCN regions. Comparing the dynamics of the change of the Per2 mRNA profile among the SCN regions, the C-SCN and M-SCN adjusted faster than the R-SCN.
The Per2 expression profiles in R-SCN and C-SCN became synchronized with each other only gradually (Fig. 3) . However, at 13 days after the photoperiod change, they were not yet fully synchronized mainly due to phase-advanced Per2 mRNA rise in the C-SCN compared with that in the R-SCN (Table 1 and Figs. 3D and 5I) .
Rev-erb␣ mRNA profiles. Statistical analyses revealed significant differences in the timings of the rise and decline of the Rev-erb␣ expression between the long photoperiod (Fig. 4A) , at 3 (Fig. 4B), 5 (Fig. 4C), and 13 (Fig. 4D ) days after the photoperiod change, and after 4 wk under the short photoperiod (Fig. 4E ) in all SCN regions. For R-SCN, rise F 4 ϭ 16.52 (P Ͻ 0.001) and decline F 4 ϭ 13.88 (P Ͻ 0.001). For M-SCN, rise F 4 ϭ 15.30 (P Ͻ 0.001) and decline F 4 ϭ 9.51 (P Ͻ 0.001). For C-SCN, rise F 4 ϭ 7.70 (P Ͻ 0.001) and decline F 4 ϭ 8.61 (P Ͻ 0.001). The results from post hoc analyses are summarized in Table 1 .
The Rev-erb␣ mRNA rise in the R-SCN phase-advanced by 2 h overall after the change from the long to the short photoperiod. This adjustment proceeded via a 2-h phase delay during the first 3 days, followed by a 6-h advance between the 3rd and 5th day, and finally by a 2-h delay between the 5th and 13th day. The M-SCN rise adjusted to the change in the photoperiod after the change from the long to the short photoperiod, and under the short photoperiod (E). For better clarity of the phasing between the rostral, middle, and caudal SCN, the profiles were double-plotted (the second cycle was formed by repeating the data starting from 1400). The hatched areas depict intervals of darkness. A two-way ANOVA revealed that under the long photoperiod, the Per1 expression profiles in the C-SCN and R-SCN differed at 1200, 1800, 2000, 0000, 0600, 0800, 1000, and 1200= (P Ͻ 0.01). Three days after the photoperiod change, the mRNA levels between the R-SCN and C-SCN differed at 1200 (P Ͻ 0.01), 1600, 1800, 1000, and 1200= (P Ͻ 0.001) and 5 days after the change, they differed at 1400 (P Ͻ 0.001), 1600 (P Ͻ 0.01), 1800, 0800, and 1000 (P Ͻ 0.001). Thirteen days after the change, the mRNA levels between the R-SCN and C-SCN differed only at two time points (at 1400 and 1600, P Ͻ 0.01), similar to under the short photoperiod. by an overall 4-h advance; this comprised a 2-h advance within the first 3 days and a further 2-h advance between the 3rd and 5th days after the change. The C-SCN rise did not phase-shift following the photoperiod change. Altogether, during the adjustment to the short photoperiod, the phase of the Rev-erb␣ rise advanced in the R-SCN and M-SCN and did not shift in the C-SCN.
The Rev-erb␣ mRNA decline in the R-SCN adjusted to the photoperiod change by an overall advance of 6 h; this involved a 2-h advance within the first 3 days and a 4-h advance between the 3rd and 5th day. The M-SCN decline advanced by 8 h 5 days (C), and 13 days (D) after a change from the long to the short photoperiod, as well as under the short photoperiod (E). For further details, see Fig. 2 caption. A two-way ANOVA revealed that under the long photoperiod, the profiles in the C-SCN and R-SCN differed at 1600, 1800 (P Ͻ 0.01), 0200 (P Ͻ 0.05), and 0400 (P Ͻ 0.01). Three days after the change of the photoperiod, the mRNA levels in the R-SCN and C-SCN differed at 1400, 1600, 1800 (P Ͻ 0.01), and 0200 (P Ͻ 0.05). There were no differences among the R-SCN and C-SCN on the 5th and 13th days after the photoperiod change, as well as under the short photoperiod. and caudal ( ' ) SCN under the long photoperiod (A), 3 days (B), 5 days (C), and 13 days (D) after a change from the long to the short photoperiod, as well as under the short photoperiod (E). For further details, see Fig. 2 caption. A two-way ANOVA revealed that under the long photoperiod, the profiles in the C-SCN and R-SCN differed at 2000, 2200, 0000, 0800, 1000 (P Ͻ 0.01), 0400, and 1200= (P Ͻ 0.05). Three days after the change of the photoperiod, they differed at 1200 (P Ͻ 0.001), 1400 (P Ͻ 0.05), 1800 (P Ͻ 0.01), 2000, 2200 (P Ͻ 0.001), 0000 (P Ͻ 0.05), 0200 (P Ͻ 0.01), and 1000 (P Ͻ 0.05). Five days after the change, the profiles in the C-SCN and R-SCN differed at 1200 (P Ͻ 0.01), 2000 (P Ͻ 0.001), 1000 (P Ͻ 0.01), and 1200= (P Ͻ 0.001). Thirteen days after the change, the profiles differed only at two time points, i.e., at 0800 (P Ͻ 0.001) and 1000 (P Ͻ 0.05). Under the short photoperiod, the mRNA levels between the R-SCN and C-SCN differed at 1600 (P Ͻ 0.05), 1800, and 2000 (P Ͻ 0.01).
overall following the change from the long to the short photoperiod; this involved an advance of 6 h within the first 3 days and further advance of 2 h between the 5th and 13th day. The C-SCN decline advanced by 2 h between the 5th and 13th day after the photoperiodic change. Consistent with the Per1 and Per2 mRNA profiles, phase shifts of the Rev-erb␣ mRNA rise, if any, were smaller than shifts in the decline.
During adjustment to the short photoperiod, Rev-erb␣ expression profiles in the R-SCN and C-SCN synchronized to each other also gradually (Fig. 4 and Fig. 5, K-O) . The Rev-erb␣ mRNA rise occurred at the same time in the R-SCN and C-SCN on the 5th day and the decline on the 13th day after the change in the photoperiod (Table 1 ). There were no differences among the R-SCN and C-SCN profiles on the 5th and 13th days after the photoperiod change, as well as under the short photoperiod (Fig. 4) . Also, the cosinor fits of the R-SCN and C-SCN profiles on the 5th day after the photoperiod change (Fig. 5M ) attained similar phase relationship as under the short photoperiod (Fig. 5O) . Therefore, in contrast to Per1 and Per2 expression, the Rev-erb␣ expression profiles in the individual parts of the SCN may have been synchronized on the 5th day after the photoperiod change.
Adjustment of Clock Gene Expression in the Liver
Rev-erb␣ mRNA profiles. A two-way ANOVA among the Rev-erb␣ mRNA profiles under the long (Fig. 6A) and short (Fig. 6E ) photoperiod, as well as after 3 (Fig. 6B), 5 (Fig. 6C) , and 13 ( Fig. 6D ) days following the change from a long to a short photoperiod revealed a significant effect of time (F 12 ϭ 37.183, P Ͻ 0.001). Although the effect of group was not significant, a highly significant interaction effect (F 48 ϭ 3.239, P Ͻ 0.001) suggested differences among individual profiles. The Rev-erb␣ mRNA decline occurred at the same time, i.e., at 1600 (vs. 1400, P Ͻ 0.01), under the long and the short photoperiod and also after 3, 5, and 13 days following the photoperiod change. In contrast, the rise adjusted to the change by phase-advancing: it occurred at 1200= under the long photoperiod (vs. 1000, P Ͻ 0.001), at 1000, 3, and 5 days after the change (vs. 0800, P Ͻ 0.01 and P Ͻ 0.001, respectively) and at 0800 13 days after the change and under the short photoperiod (vs. 0600, P Ͻ 0.01 and P Ͻ 0.05, respectively). From the 3rd day onward, the Rev-erb␣ mRNA level at 1000 was significantly elevated above that under the long photoperiod (P Ͻ 0.001). Also, the Rev-erb␣ mRNA levels at 0800 on the 13th day after the change and that of under the short photoperiod were significantly elevated above those under the long photoperiod (P Ͻ 0.001) and 3 and 5 (P Ͻ 0.01) days after the change. The data show that the Rev-erb␣ expression profile in the liver adjusted to the photoperiod change within 13 days by advancing the expression rise by 4 h.
Per2 mRNA profiles. A two-way ANOVA of Per2 mRNA profiles under the long (Fig. 6F) and short (Fig. 6J) photoperiod and after 3 (Fig. 6G), 5 (Fig. 6H), and 13 (Fig. 6I) days following the photoperiod change revealed a significant effect of time (F 12 ϭ 40.344, P Ͻ 0.001), group (F 4 ϭ 13.092, P Ͻ 0.001), and an interaction effect (F 48 ϭ 4.526, P Ͻ 0.001). The Per2 mRNA rise occurred at 1800 (vs. 1400, P Ͻ 0.01) under the long photoperiod, at 2000 (vs. 1200, P Ͻ 0.001) on the 3rd day and again at 1800 on the 5th day. On the 13th day after the change and under the short photoperiod, the Per2 mRNA rise was significant already at 1400 (vs. 0600, P Ͻ 0.001 and vs. 0800, P Ͻ 0.01, respectively). However, under the short photoperiod, the mRNA levels rose further significantly until 1800 (vs. 1400, P Ͻ 0.01). The decline occurred at 0200 under the long photoperiod (vs. 0000, P Ͻ 0.01) and advanced on the 5th day (0000 vs. 2200, P Ͻ 0.001) following the photoperiod change. On the 13th day, the decline was not yet fully adjusted to the short days because under the short photoperiod, it occurred at 2000 (vs. 1800) and continued further (2200 vs. 2000, P Ͻ 0.05). The Per2 mRNA levels at 1400 on the 13th day after the photoperiod change and under the short photoperiod were significantly elevated above those of the long photoperiod (P Ͻ 0.001). Also, the mRNA level at 2200 under the short photoperiod was significantly lower than under the long photoperiod and on the 3rd, 5th, and 13th day after the photoperiod change (P Ͻ 0.01). The data show that over a period of 13 days, the Per2 expression profile in the liver adjusted only partially to the change in the photoperiod, i.e., by fully advancing the Per2 mRNA rise but only partly the decline.
DISCUSSION
Following transition of mice from a long to a short photoperiod, the duration of locomotor activity increased gradually and fully adjusted to the short photoperiod within 11 days. Importantly, the extension of activity proceeded almost entirely into the evening hours, as the evening activity onset, but not the morning activity offset, advanced significantly. The difference between the activity duration under the long photoperiod and that under the short photoperiod is consistent with previously published data (17) . In the Per1, Per2, and Reverb␣ expression rhythms, the mRNA decline in all SCN regions adjusted to the photoperiod change by strong advances and the rise adjusted by only slight, if any, phase shifts (with the exception of Per1 mRNA rise in the R-SCN). Thus, adjustments of the overt rhythm in the locomotor activity and of the SCN rhythms in expression of the clock genes Per1, Per2, and Rev-erb␣ to transition mice from long to short days proceeded mostly by phase advancing of the activity onset together with advancing of the Per1, Per2 and Rev-erb␣ expression declines. It appears that the declines were locked more to the evening light offset than the rises were locked to the morning light onset. If this were the case, in mice, the adjustment might proceed via phase-advancing markers joined to lights off, such as with the locomotor activity onset. In rats, the adjustment to short days proceeds mostly via phase-delay- ing of markers joined to lights on, e.g., the decline of the pineal AA-NAT activity (14) and of the SCN c-Fos photoinduction (50) , as well as the rise of the spontaneous c-Fos and PER1 proteins levels and arginine vasopressin mRNA in the SCN (18, 19, 46, 49) . The different strategy of adjustment to the transition from a long to a short photoperiod in the mouse compared with rat is likely due to the fact that the endogenous circadian period of the mouse is shorter, whereas that of the rat is longer than 24 h.
The dynamics and mode of the rise and decline in the clock gene expression adjustment to the short photoperiod differed among individual SCN regions and among the clock genes. In the R-SCN, the rise adjusted to the photoperiod change by a large and rapid advance in the case of Per1, whereas for Per2 and Rev-erb␣ a slight shift was attained via gradual delays and advances. In contrast, the decline of Per1, Per2, and Rev-erb␣ mRNA advanced gradually and consistently in response to the photoperiod change. The adjustment of the R-SCN expression profiles to the change in photoperiod was accomplished within 13 days, with the exception of the Per2 mRNA rise, which took even longer. In the M-SCN and C-SCN, the adjustment was achieved by gradual delays, advances, or no shifts of the rise, but by consistent phase advances of the declines of all three gene mRNAs. The adjustment of the M-SCN and C-SCN expression profiles to short days was accomplished within 13 days. It appears that the adjustment to the photoperiod change was likely driven by advancing the decline of clock gene expression. In the C-SCN, it might be initiated by advancement of the Per1 mRNA decline.
Under the long photoperiod, the Per1, Per2, and Rev-erb␣ expression profiles in the C-SCN were phase-advanced relative to those in the R-SCN, in agreement with recently published data on desynchrony among rhythms in clock gene expression and PER1 protein in individual regions of the rodent SCN (12, 17, 20, 31, 43, 55) . The desynchrony among clock gene expression profiles in individual SCN regions might partly account for the longer interval of elevated clock gene expression in the entire SCN under the long photoperiod: separate SCN regions might switch on expression one after another, with the C-SCN coming first and the R-SCN last. Consequently, the entire SCN might find itself in a day-time state for a longer time than individual SCN regions (43) . From comparison of the waveform of the expression profiles in individual SCN regions, it appears that the rises in the Per1, Per2, and Rev-erb␣ expression occurred not only later but also notably slower in the R-SCN than that in the C-SCN. This finding is in accordance with in vitro studies that demonstrated higher variability in the Per1-luc and PER2::luc single cell rhythmicity in the anterior vs. posterior SCN under a long photoperiod (17, 29) . The outcome of the present study showed the dynamics of how the desynchronized SCN regions under a long photoperiod attained synchrony after changing to the short photoperiod. Three and five days following transition from a long to a short photoperiod, the phases of the Per1 and Per2 expression profiles in the R-SCN and C-SCN still differed. Per1 mRNA profiles attained synchrony in the R-SCN and C-SCN within 13 days following the transition, but Per2 mRNA profiles required more time to become completely synchronized. The Rev-erb␣ mRNA profile in the R-SCN differed from that in the C-SCN on the third day following the photoperiod change, but 5 days after the change, the profiles were already synchronized. Thus, the profiles of Per1, Per2, and Rev-erb␣ expression in individual SCN regions attained synchrony at different rates following the photoperiod transition; the Rev-erb␣ mRNA profile became synchronized faster than the Per1 and Per2 mRNA profiles.
Following transition from a long to a short photoperiod, not only did the clock gene expression profiles in individual SCN regions gradually become synchronized, but the interval of elevated clock gene expression also gradually shortened, at least in the M-SCN and C-SCN. The shortening was due to large-phase advances of the clock gene expression decline but only small, if any, phase shifts of the rise. It appears that the photoperiodic modulation of the SCN rhythms might be due to a changing phase-relationship among rhythms in the R-SCN, M-SCN, and C-SCN regions, as well as different waveforms of the rhythms in populations of cells within these individual SCN regions. It remains to be elucidated whether this photoperiodic response is mediated by affecting synchrony among individual oscillating cells in the M-SCN and C-SCN (35, 38, 54) and/or by affecting the single cell oscillators within the SCN regions.
In addition to the central SCN clock, the peripheral clocks are also supposed to be modulated by the photoperiod (1, 3, 4,  26 ). The present study demonstrates for the first time the effect of the photoperiod on Per2 and Rev-erb␣ expression profiles in the mouse liver. Following transition from a long to a short photoperiod, the Per2 mRNA rise, as well as the decline, gradually phase advanced relative to those under the long photoperiod. The adjustment of the entire rhythm took longer than 13 days. Because the Per2 mRNA decline phase-advanced more than the rise, the interval of elevated Per2 mRNA levels under the short photoperiod was shorter than that under the long photoperiod. Interestingly, the Rev-erb␣ mRNA profile adjusted in a different way. The Rev-erb␣ expression rise phase-advanced gradually and was completely advanced within 13 days after the photoperiod change, whereas the decline did not phase shift at all. Consequently, duration of the elevated Rev-erb␣ expression in the liver extended within 13 days after shortening of the photoperiod.
These results indicate that photoperiodic modulation of the central SCN clock and of the peripheral clock in the liver may differ substantially. Whereas in the SCN, the interval of elevated expression of all of the studied clock genes was longer under the long than under the short photoperiod, in the liver, this finding held true for Per2 but not for Rev-erb␣ expression; the interval of elevated Rev-erb␣ expression was shorter under long than short days. This finding suggests different mechanisms for the photoperiodic modulation of the SCN and peripheral clocks. It is plausible that following transition from a long to a short photoperiod, the subjective night gradually extended because of the photoperiodic modulation of the SCN clock gene expression (see above), and the interval of behavioral activity increased. Together with the subjective night, the interval of Rev-erb␣ expression in the liver extended as well. This extension might be mediated either via direct signaling from the photoperiodically modulated SCN and/or indirectly via the SCN, presumably via SCN modulation of the behavioral/feeding rhythms. Rev-erb␣ promoter also contains, apart from an E-box responsible for its control by the CLOCK: BMAL1 heterodimer, other response elements that might be responsible for switching on/off the gene transcription. One of these response elements, Rev-DR2/RORE, is a target for both Rev-Erb␣ and ROR␣, i.e., the clockwork feedback factors (33) , as well as for peroxisome proliferator-activated receptor-␥ (PPAR␥) and PPAR␣ nuclear receptors (6), which undergo circadian oscillation (56) and are activated by fasting. Interestingly, PPAR␣ was also suggested to play a role in Per2 resetting via FGF21-mediated effects on cAMP response element binding signaling and NAD ϩ levels (39). Another potential candidate for Rev-erb␣ modulation might be glucocorticoid signaling (53) . Thus, Rev-erb␣ gene expression might be directly regulated by feeding rhythm, which is closely related to the behavioral state of the organism. Indeed, in agreement with the above proposition, adjustment of the Rev-erb␣ mRNA rhythm, but not the Per2 mRNA rhythm, to a short photoperiod reflected that of the locomotor activity: the onset of the activity, as well as of the Rev-erb␣ expression phase-advanced, whereas the offset did not change and, thus, duration of the elevated Rev-erb␣ expression and locomotor activity lengthened. The longer interval of elevated Rev-erb␣ mRNA levels might result in a longer interval of Bmal1 suppression and, consequently, shortening of the interval when BMAL1 induces Per2 gene expression. This outcome might explain why the liver Rev-erb␣ rise and Per2 decline phase advanced together during adjustment to transition from a long to a short photoperiod. At the same time, Per2 expression is likely under the control of systemic cues emanating from the SCN because dynamics of the liver Per2 expression profiles adjustment and the change of the Per2 mRNA rhythm waveform by shortening the peak duration corresponded with an adjustment of the SCN Per2 expression profiles. This speculation is supported by findings from Schibler's group who demonstrated that mice with a conditionally inactivated hepatocyte clock still show rhythmic Per2 expression in the liver. Thus, Per2 expression is driven not only by the local clockwork in the liver, but also directly by the SCN clock (24) .
Perspectives and Significance
A strong circadian time-keeping system appears to be involved in prevention against sleeping, metabolic, and cancer disorders. However, the circadian system may be weakened by desynchronization among its parts, such as among the central SCN and peripheral clocks. Previous data have demonstrated that the SCN and peripheral clocks may adjust to shifts of a light-dark cycle with different rates (45) . Our study on rhythms in clock gene expression in mice showed that individual SCN parts, desynchronized under a light-dark cycle with a long photoperiod, resynchronized with different rates after a transition to a short photoperiod, with the rate depending on the particular clock gene. Adjustment to short days was achieved mostly by phase-advancing the clock gene expression decline. In parallel with the adjustment in the SCN, also the locomotor activity rhythm adjusted gradually to the photoperiod change. In the liver, one of the clock genes, Per2, adjusted to the transition in a similar manner as in the SCN, i.e., by shortening of its daily expression, whereas another clock gene, Rev-erb␣, as well as the locomotor activity rhythm adjusted to the transition by lengthening of the expression and activity. In summary, the findings revealed that dynamics of adjustment of the circadian system to an environmental change is complex. Studies of the mechanisms are necessary to gain insights into consequences of such environmental changes on the strength and integrity of the circadian system and, consequently, human health.
